INTRODUCTION
The attention of the end users to the electric power quality problem, the widespread use of the electronic power converters and the need to integrate the new distributed generation and storage systems have increased the interest in considering a public distribution system in direct current. The main idea is to extend the DC section, nowadays present in many electric devices, distributed generation systems and uninterruptible power supplies, at the level of LV public distribution. In this way it would be possible to create an high quality electric island that achieves also the advantages of the number and the complexity reduction of the power converters connected to the distribution network and a greater energy transport capacity with the same conductors [1] . In the present paper some possible circuital configurations are analyzed both from the technical and the economical points of view. Moreover, some remarks related to electrical safety have been presented. Finally, some simulation results are given.
This paper was developed within the activity "Ricerca di Sistema" (DM 28/02/2003).

STRUCTURES OF THE DC NETWORK
The definition of the structure of the DC distribution system involves the determination of the network scheme and the value of the nominal voltage. Moreover it is necessary to define the cross section of the conductors as a function of the power to transmit and the length of the line. The objectives that have been considered in the definition of a possible DC distribution network are the following:
• the DC network has to absorb by the AC public grid three currents in phase with the voltage and with the same waveshape;
• the interface converter has to allow a bidirectional power flow in order to inject into the AC network the excess of power produced by the distributed generators (DG); • the DC network has to feed the DC loads with a stable voltage; • the DC system has to guarantee an adequate safety level for the people. The achievement of the previously exposed purposes leads to the definition of the basic scheme shown in Fig. 1 , in which are evidenced the essential components of the new distribution network, designed for a three-phase connection with the AC public grid. Firstly, for the realization of DC network it is necessary an AC/DC interface converter (1) to make the conversion of the electric power from AC three-phase to DC. The choice of the type of converter [2] is fundamental to reach the required objectives, in particular to allow the bidirectional power flow, the sinusoidal absorption and the DC voltage regulation. The only device able to meet all these requirements is a forced commutated converter, with IGBT with freewheeling diode as main valves [3] . The only constraint from this configuration is that the DC section voltage must be sufficiently greater than the peak value of the input voltage, in order to prevent the overmodulation of the converter. This implies the use of voltage values greater than those that are commonly used in the AC LV distribution, or the use of a transformer, not shown in Fig. 1 , with a proper voltage ratio, interposed between the inverter (1) and the public distribution network. In order to employ the MV/LV transformers actually existing and to avoid the installation of new types, it has been chosen (Fig. 1) .
Regarding the grounding system of the DC section, its neutral conductor can be connected to the grounding system of the transformer substation (dashed line in Fig. 1 ) or let be floating: this two solutions have different characteristics from the safety point of view and will be examined in a later section.
CONTROL SYSTEM
The management of the whole system can be demanded to a monitoring and control system that manages the several converters in the various operating conditions. In the normal operation the control system leads the interface converter in order to maintain constant the value of the DC voltage. To do this it is necessary that the converter (1) can exchange power with the AC network as a function of the requested load and the power produced by the Distributed Generation (DG) in the DC section. This power depends on several parameters, like the availability of the primary source in the case of renewable energies, the thermal load for the microturbines and the fuel cells in CHP operation, the efficiency of the various generators, etc. For these purposes it is necessary the presence of a dedicated supervision and control system always present and always efficient; its missing, for faults or maintenance, would leave the DC system uncontrolled, causing in a short time its out of service. This approach is not acceptable in the design of an electrical system, since the supervision and control system becomes a "single point failure" for the whole system. For this reason it is necessary that also in the absence of the supervision system the DC network maintain a stable and safe operation, even if not optimized.
From the scheme shown in Fig. 1 it is evident that the only connection common to all the converters is the power DC bus. In particular its voltage, unless the voltage drop due to the current circulation, constitutes a common signal for all the interconnected apparatus. For this reason a reliable control system could be based on the voltage variations of the DC bus. Therefore, the control logic described in [5] is based on the attribution to each converter of a different reference value for the voltage of the DC bus, in order to create a set of thresholds that determines the behaviour of the several converters according to the rules there described. During the normal operation, in presence of the AC network, the only converter that controls the DC voltage is the interface converter, making the balance with the power generated by DG and that absorbed by the loads. Instead, the other converters are current-controlled as a function of the generated or absorbed power of the respective devices, leaving to the supervision and control system the possibility to modify the power provided by the DG and storage in order to optimize the system behavior. Viceversa during islanding operation (absence of the AC network), the voltage regulation is made by the supervision and control system, that acts on the DG and on the storage and backup generator interface converters; in case of its absence this task is made by the storage converters or by the diesel generator if it is present in the DC network.
SAFETY CONSIDERATION OF THE DC DISTRIBUTION
The first element for safety consideration of the electric system is the ground connection type of the center star of the MV/LV transformer secondary coil, that can let be floating or connected to the ground. In the floating case, an eventual breakdown between MV and LV sections results in high overvoltages in the LV side, that can be dangerous both for people and for the valves of the various converters that can be irremediably damaged. Instead, the ground connection of the center star protects the LV section, since an eventual breakdown between MV and LV sections becomes a phaseto-ground short circuit that can be eliminated by the MV line protections. Another aspect regards the DC neutral conductor, that, as previously seen, can let be floating or connected to the ground system of the MV/LV substation (dashed line in Fig. 1 ). In the first case, in order to maintain the solenoidality of the currents absorbed from the public network, the interface converter has to vary the potentials of the positive and negative poles and of the neutral conductor at its commutation frequency, even if the potential difference between them is kept constant. These high frequency oscillations, other than to increase the pole-to-ground voltage with a greater danger for people, also cause significant dispersion currents through the parallel leakage capacitance of the cables and the Y class filter capacitors of the various devices. Therefore, these currents limit the possibility to use DC differential relays for the indirect contacts protection. In order to create a floating DC system, a solution could be the interposition of an insulation transformer between the MV/LV transformer and the interface converter. It allows to keep constant the poles and neutral potentials of the DC section referred to the ground, and to limit the high frequency oscillations to the center star of its secondary side. Instead, in the case of the neutral connected to the ground system, all potentials are bounded to the only reference, therefore the previously described problems do not happen. Moreover to maintain constant the DC potentials referred to the ground, both for ground-connected and floating DC neutral with insulation transformer, allows the use of DC differential relays with greater sensibility than those employed in AC plants for the protection against the indirect contacts, because of the lowest dispersion currents.
The DG connection to a DC network allows to have a single interface with the AC public grid and therefore the use of only one intertie protection at the AC/DC interface converter ( (1) in Fig. 1 ). In addition, it allows the operation of the local generators in the DC island also during a fault in the AC side.
MAXIMUM TRANSMISSIBLE POWER
The solutions analyzed for the DC distribution • the cables, with the same section in all the examined cases, are loaded up to their thermal limit current, so that I AC = I DC3 = I DC2 ; • the whole load is connected at the end of the line and the possible presence of DG is neglected; • the power factor of the AC loads is 0.9. The comparison between the two systems, AC and DC with 3 conductors, shows that that in DC can transport a power 1.28 times greater than that can be transported in AC. The same result is obtained in case of the 2-wire DC distribution system. The relationships between the AC and DC transmissible powers are the following: It is necessary to emphasize that the second solution (DC with 2 conductors) uses only two conductors, while the actual AC distribution system is made using cables with four conductors. Therefore it is possible to use all the four conductors, for example two phase conductors to make the first pole and the remaining phase and the neutral conductors to make the second pole. As the neutral conductor has a lower cross section, the total capacity is not twice but only 1.5÷1.6 times. In these conditions, remembering that V DC2 = 2⋅V AC , the relationship between the two transmissible powers becomes the following: 
In the previous analysis it has been assumed that the cables are loaded with their thermal limit current. Nevertheless, for the maximum current that can flow in a power line there are two constraints: the thermal limit of the cable and the maximum voltage drop along the line as calculated in [6] . Fig.  2 shows a comparison between the three examined solutions (AC distribution; three wires DC distribution; two wires DC distribution, where each pole is made using 2 of the 4 conductors in the cable) taking into account both the thermal and the maximum voltage drop limits and using a copper cable 3x95 + 50 mm 2 . In particular the maximum transmissible power as a function of the line length is shown. It can be observed that there is a limit length below which the main constraint is the thermal limit (flat part of the curves) and above which the main constraint is the maximum voltage drop (decreasing part of the curves). It can be observed that the relationships previously defined are correct only for line lengths for which the thermal limit is the main constraint. By increasing the lenght of the line, the DC solutions can transport an amount of electric power up to 2.2÷3.9 times the one in AC. It can be concluded that with the same extension of the distribution network, the DC solutions can supply a greater load, while with the same load, the DC distribution systems can have a greater extension than the AC one. 
Multipolar copper cable
C C I I R R E E D D
POWER QUALITY
In the previous sections the DC distribution line (DC bus in Fig. 1 ) has been analyzed in detail. Returning to the complete scheme of the system shown in Fig. 1 , it is important to emphasize that the main purpose of the DC distribution system is to supply the loads with a power quality better than that in the present distribution network. In order to do this it is necessary that the DC system would be equipped with apparatuses able to compensate voltage sags or interruptions of the public grid. In particular, in the scheme in Fig. 1 there are a storage system, that can be for example a storage battery or a flywheel and that has to compensate the short disturbances (voltage sags or short interruptions), and a backup generator, for example a diesel engine with a synchronous generator, that has to compensate the long disturbances (long interruptions). The storage system has also to supply the whole system during the start up of the backup generator.
The connection to such a system could be advantageous for those end users that, being the quality level of the present distribution network not sufficient for their equipment, need to install, manage and maintain uninterruptible power supply (UPS) or backup generators.
ECONOMICAL ANALYSIS
The economical analysis of the three examined solutions (AC distribution, DC with 3 conductors and DC with 2 conductors) has been performed considering in detail the distribution line (DC bus in Fig. 1) , with the same hypothesis already stated in the previous section. To feed the load with an alternating three-phase voltage at 400 V and 50 Hz, in the case of the DC distribution it is necessary to connect an inverter at the end of the line. Moreover, the analysis considers only the cost for the realization of the power plant. The analysis has been carried out taking into account the construction of a new line. The costs that have been considered for the three examined solutions are the following:
• AC distribution: digging and cable costs;
• DC with 2 conductors: interface converter, digging and cable costs, inverter; • DC with 3 conductors: same costs of the 2 wire distribution plus the neutral conductor with the same cross section of the poles. The analysis has been made in a parametric way, by varying the power absorbed by the loads and the length of the line: for each pair power-length it has been determined the cross section of the conductors and the rated power of the converters, and therefore the cost of each solution. The cross sections of the conductors have been calculated considering the thermal limit and maximum voltage drop constraints. The results obtained are summarized in Fig. 3 that shows the cost differences between the AC solution and three wires DC distribution. The curves represent the saving (the value in € is reported on each curve) obtained by the realization of the DC distribution instead of the construction of the traditional AC line. This analysis demonstrates that the DC solutions are more favorable than the AC distribution for powers and lengths that are over the line labeled with 0 in Fig. 3 , that identifies the break-even point between AC and DC solutions. The economical analysis has been made in order to compare the construction costs of a traditional AC line with those of a DC line with 2 or 3 conductors and with an AC/DC converter at the beginning and a DC/AC converter at the end. This approach does not consider other aspects, like the greater power quality level guaranteed to the end users or the simpler connection of the DG, allowed by the DC system shown in Fig. 1 . Other two approaches are also possible, the first related again to the utility point of view, the second to the end user point of view. From the utility point of view it could be of interest to determine which is the more profitable solution to supply its own users with a power quality level greater than the present. The construction of a high quality DC distribution system, like that shown in Fig. 1 , is only one of the possible solutions; the others could be the use of a traditional UPS or of devices like Custom Power. Regarding the number, power and location of users who require an high quality level, the different solutions could be more or less favourable. From the end user point of view it could be of interest to compare the cost for an high quality supply by the electric utility, in the particular examined case the cost for the connection to the DC distribution system shown in Fig. 1 , with the cost to have the same quality level by means of UPSs or backup generators. For this purpose it is necessary to evaluate the connection fee and ratings that correspond to the investment costs necessary to the construction of the new distribution system.
SIMULATIONS RESULTS
In order to verify the correct operation of the proposed system and the effectiveness of the control strategy previously mentioned, it has been implemented a model of the three wire DC distribution system using the ATP computer program. Among the cases analyzed, only the most significant will be shown. They refer to the three wires configuration with the balance converter, with the neutral conductor of the DC section not connected to the grounding system of MV/LV transformer. The first simulation shows the electric potentials referred to the ground of the positive pole (v + ), the negative pole The second simulation refers to a reduction of the total load from 90 kW to 16 kW. The change happens 0.15 s after the beginning of the simulation. Such a wide load variation has been chosen in order to cause the transition from a condition of power absorption from the public AC network to a condition in which the DC network injects into the AC grid the power surplus produced by the local generators. Fig. 5 shows the DC bus voltage. It can be observed that before the variation, when the local load is greater than the power produced by the local generators, the interface converter stabilizes the DC voltage at the purchase threshold (793 V) [5] . After the variation, the power produced by the DG is greater than that absorbed by the load and the storage system, so that the surplus is injected into the AC public network by the interface converter. In this condition it stabilizes the DC bus voltage at the sale threshold (807 V) [5] . During the transient condition, the voltage oscillation is low, since it has a peak value equal to 817 V. It can be observed that the voltage variation is contained within few percents of the rated value.
CONCLUSIONS
The preliminary study and the simulations carried out on the system in Fig. 1 show that the DC distribution system could be interesting and that it is possible to adopt a management system of the DC network, the generators and the storage elements simple and reliable, even in the absence of dedicated communication and remote control systems. The proposed aims, i.e. stabilisation of DC bus voltage, sinusoidal absorption from the public grid with unity power factor, bidirectional power exchange with the AC network, and power quality level for the end users greater than the present, are achieved.
Concerning the economical analysis, researches are still in progress: however the first results, mentioned in this paper, show that the DC distribution could be more favourable than the AC one for specific applications.
In the paper are proposed some circuital schemes and system configurations with distributed energy resources The analyzed network structures for a possible DC distribution seem to involve, in particular, a better integration of the DG and the storage systems, compared with the actual AC grid.
